Abstract-Energy storage systems based on Lithium-ion batteries have been proposed as an environmental friendly alternative to traditional conventional generating units for providing grid frequency regulation. One major challenge regarding the use of Lithium-ion batteries in such applications is their cost competitiveness in comparison to other storage technologies or with the traditional frequency regulation methods. In order to surpass this challenge and to allow for optimal sizing and proper use of the battery, accurate knowledge about the lifetime of the Lithium-ion battery and its degradation behaviour is required. This paper aims to investigate, based on a laboratory developed lifetime model, the degradation behaviour of the performance parameters (i.e., capacity and power capability) of a Lithium-ion battery cell when it is subjected to a field measured mission profile, which is characteristic to the primary frequency regulation service.
INTRODUCTION
Lithium-ion (Li-ion) batteries have become the standard choice for the e-mobility (e.g. plug-in hybrid electric vehicles, full electric vehicles etc.) and consumers applications (laptops, tablets etc.) because of their outstanding characteristics, which include high gravimetric and volumetric energy density, high operating voltage level, long calendar and cycle lifetime [1] . However, Li-ion batteries spread to other sectors such as grid support services and back-up power applications is still constrained by their cost competitiveness [2] . A solution to minimize this issue is to use the Li-ion batteries in a proper and efficient way i.e., avoiding operation regimes, which can cause fast degradation and inefficient use of the Li-ion battery. This can be realized by having accurate information about the battery's lifetime and its performance-degradation behaviour, which is caused by ageing.
Usually, information about the performance-degradation of the Li-ion batteries are obtained through accurate lifetime models. The Li-ion battery lifetime models are required from the planning stage of the project in order to allow for investment profitability calculations; an accurate lifetime model for the Li-ion battery will reduce the uncertainty of the business case. Furthermore, lifetime models are required because the main performance parameters (i.e., capacity and power capability) of Li-ion batteries are degrading with ageing [3] , [4] . Thus, information about the ageing behaviour of these parameters becomes mandatory in order to ensure that the Liion battery energy storage system (ESS) will successfully deliver the service throughout its life and in order to avoid operation regimes, which are degrading the performance of the battery fast.
From technical perspective, due to their characteristics, Liion batteries can be used for a wide variety of stationary energy storage applications [1] , [5] . However, one of the few applications, which at present might ensure economic viability of the investment in Li-ion batteries, for some markets, as is the case of Denmark, is the primary frequency regulation (PFR) [6] .
The use of Li-ion batteries for providing PFR has been already studied from different perspectives. The sizing of a Liion battery ESS for providing PFR was discussed in [7] . Furthermore, different control strategies for providing PFR with Li-ion battery ESS were investigated in [8] , [9] . Finally, lifetime studies of Li-ion batteries used in frequency regulation applications were carried out [8] , [10] . However, in the former, the studies were performed either considering a synthetic generated frequency regulation mission profile (not a field measured one) or without considering a detailed Li-ion battery lifetime model. Both of these issues are surpassed in the present research This paper aims to offer the reader a perspective on the degradation behaviour of certain Li-ion battery chemistry (i.e., LiFePO 4 /C), when such batteries are used as part of an ESS, which is providing PFR on the Danish energy market. In order to perform this analysis, a lifetime model that is able to estimate the degradation behaviour of the performance parameters of a lithium ion phosphate (LiFePO 4 /C) battery was developed based on accelerated ageing tests performed in laboratory. Furthermore, a one year mission profile (battery state-of-charge and temperature), which was measured on field while the ESS based on LiFePO 4 /C had provided the PFR service, was utilized as a base for this analysis.
II. FREQUENCY REGULATION WITH ENERGY STORAGE SYSTEMS

A. Primary Frequency Regulation Charactseristics
The purpose of the frequency regulation service is to maintain the grid frequency within a predefined interval (e.g., 50Hz ± 0.02Hz) following a disturbance that was caused, or resulted in, a significant imbalance between generation and loads. To maintain the balance between generation and load, most of the transmission system operators (TSOs) are using three levels of controls and reserves, which are performed in successive steps [11] ; this is also the case of the Danish TSO, Energinet.dk [12] , which is considered in this paper. Nevertheless, this work focuses on the first level, namely, the PFR.
Traditionally, the PFR is provided by fast reacting conventional generating units (CGUs), which are online, by increasing or decreasing their production depending if underfrequencies or over-frequencies are detected, respectively. Nevertheless, in a world chasing for more environmentally friendly solutions, the use of energy storage systems based on Li-ion batteries for providing PFR has emerged as an alternative. Thus, the ESS will provide down-regulation (when over-frequencies, f > 50.02, are detected) by charging from the grid and up-regulation (when under-frequencies, f < 49.98, are detected) by discharging to the grid, as illustrated in Fig.1 . According to the regulations imposed by the Energinet.dk, PFR is supplied if the grid frequency deviates up to ± 200 mHz from the reference frequency of 50 Hz. Nevertheless, a dead band of ± 20 mHz around the reference frequency is allowed, as shown in Fig. 1 . The PFR service is delivered linearly, according to the droop presented in Fig. 1 , at frequency deviations between ± 20 mHz and ± 200 mHz from the 50 Hz reference frequency. Furthermore, the first half of the reserve has to be supplied within 15 seconds after the deviation is recorded and the reserve has to be fully activated within 30 seconds for a frequency deviation of ± 200 mHz. Finally, the maximum power has to be supplied for a maximum of 15 minutes after which a break of 15 minutes is allowed for the reserve to be re-established [12] . It has to be highlighted that the aforementioned technical requirements are valid for all players participating into the PFR market and are not customized for ESSs; actually, at present there are no grid codes etc. for grid-connected ESS. For more detailed technical requirements regarding the PFR service, the reader is referred to [12] .
B. PFR with Lithium-ion Batteries in Denmark
Due to their characteristics such as fast response, long lifetime at partial charge/discharge, high power capability during both charging and discharging, which are matching well the requirements of the PFR service, Li-ion batteries are evaluated in several pilot projects where ESS are used for providing the aforementioned service. This is also the case of the 1.6 MW/ 0.4 MWh ESS installed in Western Denmark, in conjunction with a 12 MW wind power plant (see Fig. 2 ), which actively participates in the PFR Market since 2013 [13] , [14] .
As illustrated in Fig. 2 , the ESS is composed from two subsystems (i.e., ESS1 -0.4MW/ 0.1MWh and ESS2 -1.2MW/ 0.3MWh), which are based on Li-ion batteries provided by two different suppliers. For this work, only ESS1 based on LiFePO 4 /C battery cells is of interest. Asymmetrical bids are allowed in the Danish energy market (i.e., up-regulation and down-regulation are treated separately) and higher revenues are generated by the upwards regulation [12] . Consequently, it was decided the ESS to participate only on the up-regulation market. Moreover, in order to bid maximum power and thus to maximize the revenues, the SOC of both systems is kept at 90% [13] . The SOC re-establishing (i.e., re-charging of the system to 90% SOC), after PFR service was delivered, is realized during periods of over-frequencies following the procedure presented in [13] . Furthermore, in the rare case when the underfrequencies persist for more than 15 minutes, the delivery of the PFR service is interrupted and a 15 minutes period for SOC re-establishing is granted to the ESS.
III. ENERGY STORAGE SYSTEM LIFETIME MODEL
A. LiFePO 4 /C-based Batteries
The Li-ion battery family is vast and many Li-ion battery chemistries are available at present on the market; each of this chemistries has its own advantages and drawbacks, which makes it suitable or not for providing the PFR service [15] . As presented by Swierczynski et al. in [16] , LiFePO 4 /C battery chemistry is highly suitable for the discussed grid support service because of its characteristics such as long calendar and cycle lifetime, high power capability during both charging and discharging, and increased safety.
In order to perform the battery degradation behaviour analysis, a lifetime model was developed for similar LiFePO 4 /C battery cells as the ones which are composing the grid-connected ESS1 (see Fig. 2 ). The basic electrical characteristics of these battery cells are summarized in Table I . 
B. Lithium-Ion Battery Lifetime Testing
The lifetime model of the LiFePO 4 /C battery cell was developed based on results obtained from accelerated ageing tests. Because the performance of the Li-ion batteries are degrading during both periods of operation and storage (idling), accelerated calendar and cycle lifetime tests were performed in laboratory following the testing procedure presented in [3] , in order to determine the ageing behaviour of the LiFePO 4 /C battery cells at idling and cycle conditions, respectively. The accelerated calendar and cycling lifetime tests were carried out at the conditions presented in Fig. 3 and Fig. 4 , respectively.
The two stress factors which are influencing the calendar lifetime of the Li-ion batteries are the storage SOC-level and the storage temperature, while the stress factors which are influencing the cycle lifetime of Li-ion batteries are the temperature, the cycle depth, the average SOC-level during the cycle and the charging/discharging current rate (C-rate). Nevertheless, all the accelerated cycle lifetime tests were performed considering a C-rate equal to 4C, which can be treated as a worst case scenario for the tested battery cells (4C-rate is the maximum continuous charging current that the battery can withstand). Furthermore, usually the stress factors have a non-linear effect on the lifetime of the Li-ion battery cells. Consequently, in order to accurately interpolate between the considered stress levels and to extrapolate the measured degradation of the performance parameters to the normal operating stress levels, three stress levels where considered for each stress factor as it can be seen in Fig. 3 and Fig. 4 . Finally, any possible interaction between stress factors and their corresponding stress levels were disregarded.
Most of the accelerated ageing tests summarized in Fig. 3 and Fig. 4 were performed until the tested LiFePO 4 /C battery cell reached the end-of-life (EOL) criterion of 20% capacity fade [17] . Nevertheless, since the ageing of the studied battery cells was found to be a slow process for certain conditions, the measured capacity fade characteristics for that cases (when EOL criterion had not been reached) was extrapolated until the predefined EOL criterion was reached. 
C. Lithium-Ion Battery Lifetime Model
Lifetime models, which are able to predict the degradation behaviour of the performance parameters (i.e., capacity and power capability) of the LiFePO 4 /C cells, were developed and parametrized based on the results obtained from the accelerated lifetime tests. Separate lifetime models were developed for the calendar ageing and for cycle ageing dimensions. The battery cells' power capability was computed as described in [3] .
Based on the obtained accelerated calendar ageing results, calendar lifetime models, which are able to estimate the capacity fade and the power capability decrease of the LiFePO 4 /C battery cells for idling at different temperatures and for all SOCs, were developed. However, the Li-ion batteries used in grid support services are most of the time operated at 25°C (for optimum performance and increased lifetime) by means of air-conditioning systems. Therefore, in order to illustrate this constraint, the models given in (1) and (2) present the degradation of the two performance parameters for a storage temperature of 25°C.
(1) (2) Where, SOC represents the storage SOC-level, t represents the storage time, expressed in months, and C f_cal and PC d_cal represent the capacity fade and power capability decrease during storage, respectively.
Considering the developed calendar lifetime models, the capacity fade and power capability decrease can be estimated for any storage SOC-level. An example is given in Fig. 5 and Fig. 6 , where the degradation behaviour of the capacity and of the power capability is presented, respectively, for storage at 25°C and three different SOC-levels (i.e., 10%, 50%, and 90%). Furthermore, the estimated monthly degradation (i.e., correction factor) of the two parameters for the considered storage conditions are also illustrated in Fig. 5 and Fig. 6 ; respectively; by continuously summing up the values of the correction factors, the battery degradation is calculated at each model iteration step.
As it can be observed in Fig. 5 , the capacity fade of the tested LiFePO 4 /C battery cells depends non-linearly on the storage time, with a tendency of slowing-down, while the ageing process evolves; on the contrary, the power capability decrease of the LiFePO 4 /C battery cells follows a linear dependence on the storage time. Moreover, by comparing the results presented in Fig. 5 and Fig. 6 it can be concluded that the capacity of the tested battery cells degrades much faster than the power capability, independent on the considered idling conditions. Based on the results obtained from the performed accelerated cycle ageing tests, lifetime models that are able to estimate the capacity fade and the power capability decrease of the LiFePO 4 /C battery cell for cycling at various conditions, were developed and given by (3) and (4) for a cycling temperature of 25°C.
(3) (4)
Where, SOC represents the average SOC level during the cycle, cd represents the depth of the cycle, nc represents the number of cycles, and C f_cyc and PC d_cyc represent the capacity fade and power capability decrease during cycling, respectively Fig.7 and Fig. 8 are presenting the estimated degradation behaviour of the capacity and of the power capability when the Li-ion battery cells are cycled at 25 °C with three different cycle depths (i.e., 30%, 70% and 100% (full cycle)). It was found out that the capacity fade of the tested LiFePO 4 /C battery cells follows a square-root function on the number of performed cycles, while the power capability depends linearly on the number of cycles. Furthermore, similarly to the case of calendar ageing, the capacity of the cells degrades faster than the power capability independent on the cycle conditions. 
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The proposed structure of the lifetime model for determining the ageing behaviour of the LiFePO 4 /C battery cells independent on the mission profile is presented in Fig. 9 . The input of the lifetime model is represented by the mission profile to which the battery is subjected to; the mission profile has two components, the SOC mission profile and the temperature mission profile. The proposed lifetime model returns at its output information about the degradation behaviour of the battery cells, by offering instantaneous information about the capacity fade and power capability decrease; based on these two parameters, the state-of-health (SOH) and the remaining useful lifetime (RUL) of the battery can be calculated, according to (5) and (6) . 
Where, C fade-actual represents the present capacity fade, C fade-EOL represents the capacity fade for the EOL criterion (e.g. 20%), and C fade-year represents the capacity fade during one year.
As it is presented in Fig. 5 -Fig. 8 , the performance parameters of the battery cell are degrading in time following various nonlinear characteristics (for this specific battery cell, only valid for the capacity fade). This suggested that the same mission profile does not cause the same degradation to the performance parameters of the battery cell if it is applied at the cells' BOL or for an already aged cell. Consequently, in order to obtain reliable lifetime estimations, the performance parameters have to be updated after each iteration of the incremental lifetime calculations (see the feedback-arrows graphically illustrated in Fig. 9 ).
IV. FIELD MEASURED MISSION PROFILE
For the degradation behaviour analysis, a one year fieldmeasured mission profile corresponding to ESS1 (see Fig. 2 ) delivering the PFR service was considered. Based on own grid frequency measurements and considering the PFR control strategy discussed in [4] , the SOC mission profile which was measured on the LiFePO 4 /C-based ESS1 is presented in Fig.  10 . Moreover, the temperature mission profile measured over a period of one month is illustrated in Fig. 11 .
The LiFePO 4 /C batteries composing the ESS1 are air cooled during both operation and stand-by. Consequently, their temperature varies in a narrow interval (22-26°C) as illustrated in Fig. 11 , with a monthly average temperature of 23.18°C. Therefore, a constant temperature of 25°C was considered for the performed ageing behaviour analysis. Furthermore, in order to be applied to the developed lifetime models, the SOC mission profile was divided into the calendar and cycling components. Thus, it was found out that ESS1 was for almost 85% of the time on stand-by (idling), while the rest of the time it was providing PFR. Furthermore, using the rainflow cycle counting algorithm [18] , the cycling mission profile was decomposed into cycles of different depths and average SOC-levels. Fig. 12 illustrates the cycles distributed according to their cycle depths and average SOC-levels. 
V. DEGRADATION BEHAVIOUR
In order to obtain the degradation behaviour (in terms of capacity and power capability) of the studied LiFePO 4 /C battery cells, the SOC mission profile presented in Fig.10 was applied at the input of the developed lifetime model, while the temperature was considered constant at 25°C during the whole lifetime. Because the SOC mission profile was available only for a period of one year, this SOC profile was continuously applied to the lifetime model until the battery cells have reached the EOL criterion which was predefined at 20% capacity fade. Furthermore, the values of the capacity fade and of the power capability decrease were updated after each month of simulation. The estimated calendar and cycle capacity fade for each month during the first year of the simulation are presented in Fig. 13 .
By summing up the monthly estimated capacity fade, the incremental capacity fade of the LiFePO 4 /C battery cells was obtained and is presented in Fig. 13 ; for this estimation, a resolution of one month was considered. The total estimated incremental capacity fade caused by the PFR operation was computed by summing up the contribution of the monthly accumulated cycling and calendar capacity fade, respectively. The same procedure was applied to compute the incremental power capability decrease of the LiFePO 4 /C battery cells (see Fig. 14 ) when they were subjected to the considered PFR mission profile For the considered 20% capacity fade EOL criterion, it was found out that the considered LiFePO 4 /C battery cells would survive approx. 10 years for the considered PFR profile. The main contribution to the overall capacity fade of the battery cells came from the calendar ageing component (idling operation). The calendar capacity fade rate was mainly accelerated by the idling operation at high SOC (i.e., 90% SOC as imposed by the considered control strategy [4] ), because the capacity fade is accelerated by idling the tested cells at high SOC-levels, as shown in Fig. 5 . The estimated power capability decrease, of the studied LiFePO 4 /C battery cells, until the EOL has been reached, was approximately 3.25%; similar to the case of the capacity fade, the main contribution (i.e., 3%) to the power capability decrease came from the calendar ageing dimension. As presented in Fig. 9 , from the estimated capacity fade and power capability decrease characteristics, the SOH of the battery cell can be predicted at every time instant. Nevertheless, as it was illustrated in Fig. 5 -Fig. 8 , the capacity of tested LiFePO 4 /C battery cells was degrading much faster than their power capability. Consequently, the SOH of the cells was related during whole simulation only with the batteries' capacity fade as given in (5) and is presented in Fig.  16 .
VI. CONCLUSION
This paper has investigated the degradation behaviour of LiFePO 4 /C battery cells when such batteries are used to provide PFR in the Danish energy market. For performing a reliable analysis a lifetime model was developed for the studied battery cells and a field measured mission profile characteristic to the PFR application was considered. By applying the PFR mission profile to the proposed LiFePO 4 /C battery cell lifetime model it was observed that the capacity is the performance parameter, which limited the lifetime of the studied battery cells and not the power capability. The main contribution to the estimated capacity fade came from the calendar dimension; the calendar capacity fade was accelerated by the operating conditions that involve idling the LiFePO 4 /C battery cell at a high SOC-level. Consequently, the lifetime of the studied battery cell might be enhanced by decreasing the idling SOClevel to values lower than 90%; however, this decrease of the idling SOC-level would decrease the revenues obtained from the up-regulation service since less power would be bid in the market. Nevertheless, for the considered field-measured PFR mission profile and with the existing PFR energy management strategy, the LiFePO 4 /C would be able to fulfil the upregulation service for a period of approx. 10 years before the EOL criterion would be reached.
